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ABSTRACT 
Recently, there has been interest in the possibility of replacing 
the rf discharge lamp in a rubidium gas cell clock with a single 
mode laser diode. Since the short term stability of the rubidium 
frequency standard is limited by the shot noise of the 
photodetector, an increased signal-to-noise ratio due to more 
efficient laser diode optical pumping might improve the short term 
performance. Because the emission wavelength of the laser diode 
can be tuned, improved long term performance could be gained 
through the control of the light shift effect. However, due to 
the nature of the gas cell frequency standard, various physical 
phenomena are strongly coupled in their effect on the frequency 
output, and thus careful consideration must be given to any change 
in one parameter because of its interrelation with other 
parameters. We report here some investigations concerning the 
coupled effect of the optical and microwave fields in the rubidium 
atomic clock. We show that this type of coupling is an important 
consideration for any attempt to incorporate a laser diode into a 
gas cell clock. 
INTRODUCTION 
Laser diodes have been proposed for use in ato c frequency standards because 
of the potential for improved clock performance. ml-6 In particular, in the gas 
cell frequency standard, the use of g laser diode in place of the cwventional 
rf discharge lamp should increase the signal-to-noise ratio and thus produce 
better short term stability, e drastically reducing the detrimental 
effects due to the light shift. 'y' These projections of laser pumped clock 
performance must be tempered by the possibility of new effects that could 
arise due to the intense optical pumping provided by lasers. We report here 
our investigations into laser induced asymmetries and broadening of the rubi- 
dium microwave lineshape. These effects are important both in determining and 
understanding the optimum conditions for laser optical pumping. 
A schematic diagram of a typical gas cell clock is shown in Figure 1. Some 
of the more important elements in the physics package of this device 
include: i). the source of optical pumping radiation; ii). the light filter; 
iii). the absorption cell; iv). the microwave cavity; and, v). the externally 
applied axial magnetic field. 
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tuning.'2 Conversely, a laser diode can provide an in tense  tunable l i g h t  beam 
which, because of its narrow spec t r a l  linewidth, would el iminate  the need f o r  
l i g h t  f i l t e r i n g .  Also, the tunable nature of the l a se r  diode would allow f o r  
the poss ib i l i t y  of e i t h e r  eliminating or control l ing l i g h t  induced frequency 
s h i f t s  that  a r i s e  from a spec t r a l  o f f se t  between the pumping rad ia t ion  and the 
absorption l ines .  
The microwave l ineshape, which controls the clock's performance, has complex 
dependencies on various physical phenomena tha t  occur i n  the absorption 
ce l l .  The op t i ca l  pumping radiat ion,  the buffer gas, the  microwave power and 
d i s t r ibu t ion  i n  the cavity,  the magnetic f i e l d  and the thermal environment a l l  
a f f e c t  the s i ze  and the shape of the microwave l ine.  As a re su l t  of the 
inhomogeneous nature of the microwave ine,  the e f f ec t s  of various parameters 
on the  clock performance are  coupled." Thus, a change i n  one parameter, e.g. 
the pumping l i g h t  i n t ens i ty ,  designed to  improve performance could r e s u l t  i n  
degraded performance due t o  an incomplete understanding of the way these 
parameters a f f ec t  the microwave lineshape and center frequency. In  t h i s  
present study we consider the coupled e f f e c t  of the op t i ca l  and microwave 
f i e l d s  on the incorporation of a laser diode i n  a gas cell frequency standard. 
EXPERIMENTAL 
The experimental apparatus is shown schematically i n  F i  u re  2. The absorption 
cell of an Efratom FRK-L rubidium frequency standardlf is il luminated by the  
emission from s ing le  mode diode laser, Mitsubishi ML-4001, which is tuned t o  
one of the 8'Rb D1 hyperfine resonance l i n e s  (794.7 nm). W e  measure the  
l ineshape by ramping the frequency of a VCXO through the  hyperfine resonance 
and monitoring the l i g h t  transmitted through the absorption cell. The VCXO is 
l i n e a r  and carefu l ly  ca l ibra ted  which allows us t o  convert VCXO voltage 
d i r e c t l y  to  frequency. The microwave f i e l d  is  chopped with a diode switch a t  
a few Hz, and a lock-in amplifier is used t o  enhance signal-to-noise on each 
sweep. Typically, s ixteen r e p e t i t i v e  scans, taking about two minutes each, 
are averaged with the aid of an HP 9825 computer. W e  estimate about 5 Hz 
accuracy i n  the l ineshapes with t h i s  method. 
W e  do not have a d i r e c t  measure of the s t rength  of the microwave f i e l d  i n  the 
cavity. Mult ipl icat ion up t o  the microwave frequency from the nominal VCXO 
frequency is accomplish d using a 'step-recovery' l,fiode. Idea l ly ,  the 
microwave power i n  the NtR harmonic is  expected t o  be: 
PN = Po/N 
where Po is the input power t o  the step-recovery diode. However, the coupling 
coef f ic ien ts  between the diode and the cavity antenna, and the cavity antenna 
114 
e (I), We bel  easonable est 
ower i n  the cavi ty  is on the order of 10 pW. 
interferometer,  was found t o  
be tuned t o  e i t h e r  
Typically, the laser is tuned by f i r s t  adjust ing the temperature so t h a t  the 
lasing wavelength is near the Rb DL l i n e  at 794.7 nm. The in jec t ion  current  
is then used as a f i n e  control t o  tune the laser over the hyperfine absorption 
spectrum, and as long as las ing mode hops do not occur, the in jec t ion  current  
can be cal ibrated t o  the las ing  frequency. This is found t o  be approximately 
16 GHz/mA. Since the laser's s ingle  mode output power is a function of the 
in j ec t ion  current,  the  laser power w i l l  vary as the  laser is tuned. However, 
the f rac t iona l  change i n  power is found t o  be only about 1% as the laser is 
tuned over several  GHz, and thus the var ia t ions i n  laser power are neglected 
fo r  these measurements. The typica l  t o t a l  laser power i n  the  s ing le  mode l i n e  
is  found t o  be about 3 mW i n  a Gaussian beam diameter of -0.45 cm. 
RESULTS 
In  Figure 3 we present representative samples of our microwave lineshape 
measurements. upper lineshapes correspond t o  low incident laser inten- 
s i t y ,  -0.5 mW/cm , f o r  several  d i f fe ren t  detunings of the laser frequency. 
From l e f t  t o  r i g h t  these are -420 M H z ,  0 and +420 MHz. The lower curves were 
observed with f u l l  laser in t ens i ty ,  The frequency axis ind ica tes  
the t o t a l  scan of the microwaves from some a rb i t r a ry  start frequency, 
and Av denotes the s h i f t  of the center frequency of the microwave l i n e  
from t!k% found f o r  zero laser detuning, shown i n  both the upper and lower 
center  scans. From the f igure it is apparent that  fo r  higher laser intens- 
ities the microwave lineshape is asymmetric when the laser is tuned off reso- 
nance, and that  t h i s  asymmetry has the same sign as the l i g h t  s h i f t .  Further- 
more, t h i s  asymmetry is or re la ted  to  the recent ly  observed non-linearity of 
the clock's l i g h t  shif t ."  In  Figure 4 we have plot ted the  microwave frequen- 
cies corresponding t o  a l ineshape's peak and f i r s t  moment as a function of 
laser in tens i ty  ( the  laser detuning was - -400 M H z ) .  The difference between 
these two frequencies can be considered as a measure of the asymmetry of the  
l i ne ,  It should be noted tha t  the asymmetry and non-linearity become s ign i f i -  
cant fo r  the same l i g h t  i n t ens i ty  levels.  This is  more than coincidental;  it 
is the r e su l t  of both e f f ec t s  being due t o  l i g h t  induced inhomogeneous broad- 
ening, and i n  t h i s  type of broadening the l i g h t  i n t ens i ty  and microwave f i e l d  
s t rength  act together t o  produce the shape and center frequency of the ob- 
served resonance l ine .  
-10 mW/cm*. 
115 
DISCUSSION 
We have recently developed a lineshape model for the gas cell clock which 
describes optical pumping with a spect ow, low intensity laser source 
(i.e. low "fh respect to the intensity necessary to saturate the optical 
transition). Since the typical gas cell clock uses a buffer gas in the 
absorption cell, we consider the atoms in our model as being essentially 
frozen in place due to the presence of this buffer. Atoms in different re- 
gions of the cell experience different local light intensities and different 
local microwave field strengths. The observed lineshape, and thus the shape 
that controls clock performance, is a superposition of regional transmission 
signals which are determined by the local parameters. The local light inten- 
sity and magnetic field strength determine the local resonance frequency 
through the light shift effect and second order magnetic field dependence, 
respectively; the combined effect of the local light intensity and the local 
Rabi frequency, determined by the microwave field strength, determines the 
amplitude of the regional transmission signal. In Figure 5 we present the 
calculated microwave lineshape in a TElll cavity for both low and high laser 
intensity, off-resonance pumping. In Figure 6 we show the calculated inhomo- 
geneous light shift for several values of laser detuning. The close agreement 
between the theoretical model and our experimental results demonstrates the 
significance of light induced inhomogeneous broadening on the clock signal. 
In practice the calculation of the clock lineshape is performed numerically by 
summing all the regional transmission signals as a function of microwave 
frequency. Though this is an accurate and straightforward procedure for 
obtaining the lineshape, it does not readily lend itself to an intuitive 
understanding of the relationships among the parameters in the problem. In 
this context we therefore consider the effect of the local parameters on the 
homogeneous lineshape. 
It is quite easy to show that the amplitude of a regional transmission signal 
can be written approximately as: 2 
(2) ( A m ~ l - 1 ~  rans ( A 6 F O )  - - r /2  [ 2 1 'trans S =  
I'+v (r  + Y l 2  + 1 
where some constants have been omitted for clarity. l7 In the above 
= the transmitted light intensity, It rans 
AW = microwave frequency detuning from the hyperfine resonance, 
r = optical pumping rate, 
Y = relaxation rate (we assume the longitudinal rate is equal 
to the transverse rate), and 
= microwave Rabi frequency. 
The regional behavior of S is reflected in the fact that both 
spatial dependencies. 
w1 
I' and w1 have 
It is important to realize that the complexity of the problem in obtaining the 
total transmitted intensity is not due to the form of Eq. (21, but to the fact 
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that the pumping rate, and hence the 1 ght shift, in the nth region of the 
cell depends on the transmission from the n-1 previous regions: 
Sn(r,e) = f(S1(r9e), S2(r,8), Sn-l(r,Q)) (3)  
However, we can gain qualitative information on the processes that determine 
the total transmission signal by considering the regional transmission signals 
at a particular axial position, 
In Figure 7 we have plotted the regional transmission signal S as a function 
of (r/w ) for several different values of (y/w,). If we consider for example 
the case where y = 0.1~ we see that the maximum transmission signal will 
occur for I'-0.4wl, (i.e.l;ot for arbitrarily large I'). This implies that an 
increased pumping rate does not immediately guarantee larger signal amplitude 
and thus improved signal-to-noise. Rather, it is the ratio 
of Furthermore, since the peak of 
the inhomogeneous lineshape corresponds to the largest amplitude homogeneous 
lineshape, and since this in turn is a function of both I' and wl, it follows 
that the inhomogeneous light shift is a function of r and wl. 
Let's now consider the radial dependence of I' and w explicitly; we assume a 
Gaussian laser beam, and a TElll microwave cavity: 
1 
r to w1 that is the important parameter. 
1 
I(r) = Ipexp(-41n2(r/s) 2 1, 
2 r(r) = rpexp(-41n2(r/a) ) , 
where I is the light intensity, r is the radial position in the cell, a is the 
laser beam diameter, R is the cavity radius, X is a normalizing factor and all 
quantities are related to their peak values, denoted by the subscript p. 
Substituting these expressions into Eq. (21, we have plotted the normalized 
transmission signal amplitude as a function of radial position within the 
cavity in Figure 8. The three different curves correspond to three different 
values of ( r  /w ) assuming that y = 0 . 1 ~  and (R/a)=2. As we would have 
expected fro& &))re 7 if we consider I' '2s fixed, then as w varies the 
radial position giving the maximum signk amplitude changes .Ip Since these 
radial positions correspond to dif erent light intensity levels, we have the 
so called position shift effect. Thus, the position shift effect is just 
one consequence of the coupled effect of I' and w1 when light induced inhomo- 
geneous broadening determines the clock lineshape, 
It should now be understood that it is both I' and w that determine the asym- 
metry observed in the present experiments, The disiribution in r determines 
the distribution of homogeneous lineshapes; the ratio of I' to w1 determines 
the envelope, It should be noted that even though no asymmetry was observed 
for on-resonance pumping, an asymmet y may be present due to the hyperfine 
splitting in the excited state of "Rb. Since the excited state hyperfine 
slitting is on the order of the Doppler linewidth, the absorption lines par- 
tially overlap and off-resonance .pumping to some degree is unavoidable. 
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S CONCLUSIONS 
We have observed a gross asymmetry in the microwave lineshape of a gas cell 
clock when pumping off resonance with a laser diode. This asymmetry, along 
with the non-linearity of the clock's light shift and the position shift 
effect, can be explained by a model based on light induced inhomogeneous 
broadening of the hyperfine transition. 
In this model the light intensity and microwave field strength cannot be 
regarded as acting independently in their effect on the observed lineshape. 
Thus, the anticipated changes in clock performance on changing either of these 
parameters must be tempered by an appraisal of their combined effect. The 
significance of the asymmetry on actual clock performance, and the constraints 
it will place on laser optical pumping schemes is still unclear. However, its 
observation and interpretation lead to some rather important considerations. 
Since the inhomogeneous microwave lineshape has a center frequency and ampli- 
tude which depend both on the light intensity and microwave field strength, 
this could imply that many of the advantages of laser diode pumping may not be 
fully realized with the standard clock design. If this is the case, it might 
be advantageous to design a laser diode pumped clock t a bufferless wall 
coated cell, most likely a cesium cell in a TEO cavit3'which would have a 
homogeneous microwave line. However, with a bufferless cell one would have 
the additional complication of radiation trapping. Finally, since light 
induced inhomogeneous broadening is so significant in laser diode pumping, and 
since there is reason to believe that it is also important for the standard 
lamp pumping;13 it may be possible to extrapolate results from these laser 
diode studies to the regime of the lamp, and thus gain a better understanding 
of the mechanisms which limit the standard gas cell clock's performance. 
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4) 
as cell clock. 
h its direction 
Experimental set up for determtning clock lineshape. 
Experimental results of the clock's lineshape when pumping with a 
laser diode, The t$p row of lineshapes correspond to low las 
tensity (-O.SpW/cm ), the bottom row to high laser 
sity (-10 mW/cm ). The frequency axis indicates the total scan of the 
microwaves from some arbitrary start frequency, and Au denotes the 
shift of the center frequency of the microwave line frokf%hat found for 
zero laser detuning. 
Frequency of the peak and first moment of the laser pumped clock line- 
shape for a laser detuning of - -400 MHz. The difference between these 
two curves is a measure of the lineshape's asymmetry; the change in the 
frequency of the lineshape's peak corresponds to the clock's light shift. 
Calculated clock lineshapes for low and high laser intensity, laser 
detuning of -411 MHz. 
Calculated clock light shift for several detunings of the laser. From 
top to bottom these are -411 MHz, -201 M H Z  and +219 MHz. 
Relative transmission signal amplitude for a homogeneous region in the 
absorption cell as a function of (I'/wl) for several values 
of (y/w,). I' is the optical pumping rate, w is the microwave Rabi 
frequency, and y is the hyperfine spin relaxadon rate. 
Relative transmission signal amplitude at a particular axial position in 
the absorption cell as a function of radial position within the cavity. 
Curves for several different values of (I' /w ) are shown. I' and w 
are the peak values of the optical pumpigS Pate and the micrgwave &i 
frequency, respectively. 
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R, DEHMELT: 
Why does one want such a high intensity a t  a l l ?  
signal-to-noise goes only up by the square root o f  the power, so one 
doesn't want much power. 
After a l l  , the l i g h t  goes up proportional to the power and the 
MR. VOLK: 
Well, I t h i n k  our computer model is showing that you have to reach opti- 
mum trade-off between that, that 's certainly true. 
You s t a r t  broadening as soon as you s t a r t  pumping b u t  you must reach 
some degree of polarization before you can have a signal. 
MR. DEHMELT: 
I was under the impression this can be reached w i t h  ordinary lamps? 
MR. VOLK: 
The optimum? I'm not sure. 
MR. DEHMELT: 
Comment on i t .  
MR. VOLK: 
I t h i n k  even i f  you could reach that there would be advantages of replacing 
the lamp w i t h  the laser diode. And so, I t h i n k  one must look a t  the rami- 
fication of doing that. 
MR, DEHMELT: 
I can see that you couldn't see your maximum for diagnostic purposes. 
MR. VOLK: 
I'm sorry, I couldn't hear that l as t  comment. 
MR. DEHMELT: 
For diagnostic purposes i t ' s  probably fine to use a laser. 
MR. VOLK: 
Yes, I agree w i t h  that. 
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e you do have so much power, much more than you need, wou 
advisable since you want to  use the diode for other reasons to  deliver 
this spread out the power over the total line width  by noise modulating 
the laser, laser frequency. And then you would get away from these troubles 
of generating asymmetry by an unbalanced power distribution along the 
wavelength. 
MR. VOLK: 
I really t h i n k  that 's  a good point .  
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